How dermal papilla (DP) niche cells regulate hair follicle progenitors to control hair growth remains unclear. Using Tbx18
INTRODUCTION
Regulation of stem cell/progenitor functions is essential for tissue formation, growth, and maintenance throughout life. In regenerative tissues in particular, the rates of growth and replenishment through controlling stem cell/progenitor selfrenewal and differentiation are critical for tissue homeostasis and adaptation to various environmental conditions, but the mechanisms underlying this important function are poorly understood. In regenerative tissues such as bone marrow, intestine, or hair follicles in the skin, signals from the microenvironment, called the stem cell niche, instruct stem and progenitor cells in their function (Moore and Lemischka, 2006; Walker et al., 2009 ).
In the hair follicle, a dynamic relationship between dermal papilla (DP) niche cells and epithelial stem cells/progenitors has been recognized for many years (Driskell et al., 2011; Hardy, 1992; Millar, 2002; Schneider et al., 2009; Sennett and Rendl, 2012; Yang and Cotsarelis, 2010) . Mesenchymal-epithelial signals exchanged between dermal condensates (DP precursor cells) and stem cells in nascent hair placodes coordinate embryonic hair follicle formation (Hardy, 1992; Millar, 2002) . Stem cells are set aside in the upper part of the down-growing follicle (Nowak et al., 2008) , while matrix cell progenitors, direct stem cell progeny at the base of follicle bulbs, engulf DP precursor cells to form the DP of mature hair follicles (Millar, 2002; Schneider et al., 2009) . During postnatal hair growth, DP cells then act as a signaling center to direct the surrounding matrix cells to proliferate, migrate upward, and differentiate into the multiple progenitor cell lineages of the outgrowing hair shaft and its guiding inner root sheath channel (Schneider et al., 2009; Sennett and Rendl, 2012) . This morphogenetic sequence is repeated in three separate waves during mouse embryonic hair follicle development, giving rise to guard, awl/auchene, and zigzag hair follicle types ( Figure 1A ) (Schlake, 2007) . First wave guard hairs are the longest hairs without kinks and bends, and are considered to have tactile function, much like whiskers. Second wave awl hairs are shorter than guard hairs, and auchene hairs look much like awl hairs, but with a unique identifying bend. Zigzag hairs typically have two kinks in the hair shaft. After active hair growth, follicles undergo cycles of destruction, rest, and regrowth to form a new hair follicle in a process of DP niche/stem cell communication that is reminiscent of embryonic follicle morphogenesis (Blanpain and Fuchs, 2009; Hsu and Fuchs, 2012; Sennett and Rendl, 2012) .
During embryonic and adult follicle formation, the activation of signaling pathways such as WNT, tumor growth factor b (TGFb), and fibroblast growth factor (FGF), and the inhibition of BMP signaling in follicle stem cells are essential (Hsu and Fuchs, 2012; Sennett and Rendl, 2012; Lee and Tumbar, 2012) . Similarly, during active hair growth, WNT, FGF, Notch, and BMP signaling in matrix progenitor cells is important for successful differentiation into the outgrowing hair shaft (Andl et al., 2004; DasGupta and Fuchs, 1999; Kobielak et al., 2003; Kulessa et al., 2000; Lee et al., 2007) . While the essential roles of these signaling pathways have been extensively studied in epithelial stem cells/progenitors, direct genetic testing of DP niche signals has been lacking until very recently (Enshell-Seijffers et al., 2010) due to the long-standing absence of gene ablation tools for the ) skins at P5. (I) Quantification of total hair follicles and of follicles from the three waves at P5. n = 75 hairs per mouse. Data are mean ± SD from 2 mice. Scale bars, 25 mm (A-G) and 250 mm (H). See also Figures S1 and S2. DP. Similarly, the underlying transcriptional control of DP niche signals and of the specialized niche cell fate that distinguishes the DP from regular dermal fibroblasts is currently largely unknown.
The transcription factor Sox2 is a crucial cell fate determinant in stem cells/progenitors in multiple developmental contexts. It regulates cell fate decisions in retinal progenitor cells (Taranova et al., 2006) and neural (Pevny and Nicolis, 2010) and embryonic stem cells (Boyer et al., 2005) , and it is a key factor in pluripotency reprogramming (Takahashi and Yamanaka, 2006) . Recently, Sox2 was shown to play a role in maintaining adult stem cells in several organ systems (Arnold et al., 2011) . In skin, Sox2 is not expressed in hair follicle stem cells, but is one of the highest expressed transcription factors in the DP, first identified in a screen of DP signature genes in growing hair follicles (Rendl et al., 2005) . Subsequently, Sox2 expression was confirmed in embryonic DP precursors and postnatal DPs of growing follicles (Biernaskie et al., 2009; Driskell et al., 2009; Tsai et al., 2010) , and considered absent during the hair cycle (Biernaskie et al., 2009 ). The physiological function of Sox2 during follicle formation and growth is currently unknown.
In this study, we directly test the role of Sox2 in controlling DP function during follicle formation and growth by ablating Sox2 in the DP during embryonic hair follicle formation. We utilize Tbx18
Cre as a genetic driver that targets embryonic DP precursor cells at the earliest stage of hair follicle formation (Grisanti et al., 2012) . In the absence of Sox2, we find a strong reduction of postnatal hair outgrowth of the three Sox2-positive hair follicle types and identify slowed migration of differentiating hair shaft progenitors. We then link reduced migration and slowed hair shaft production to altered expression of DP-derived BMP regulators Bmp6 and Sostdc1 and to precocious, increased BMP signaling activity in hair shaft progenitors. Fittingly, a fourth Sox2-negative hair follicle type naturally displays slower growth, reduced migration, and increased BMP activity in hair shaft progenitors. These data reveal an essential role of Sox2 in the transcriptional control of the mesenchymal niche to orchestrate hair growth in its interaction with epithelial progenitors.
RESULTS

Sox2 Ablation in Embryonic DP Precursors Does Not Affect Hair Follicle Formation
To determine Sox2 expression throughout hair follicle development, we first carefully mapped the Sox2 expression pattern with Sox2 GFP knockin reporter mice that express GFP under the control of the endogenous Sox2 promoter (Ferri et al., 2004) . At embryonic day E14.5, GFP was strongly expressed in DP precursor cells of developing guard hair follicles during the first wave of hair follicle induction (arrow in Figure S1A available online). At E16.5, DP precursors of second wave follicles of the awl/auchene hair type also expressed GFP (arrowhead). DP precursor cells of third wave zigzag follicles at E18.5, however, did not express Sox2 (asterisk), confirming a previous report where zigzag DPs lacked Sox2 expression at E18.5 with a Sox2 transgenic reporter (Driskell et al., 2009 Figures S1B and S1C ).
This hair type-specific distribution of Sox2 continued during postnatal hair growth ( Figures 1B-D) . At P5, first wave guard hairs are the longest follicles and were identified by distinctly large DP compartments, while third wave zigzag follicles were clearly recognized as the shortest hair follicle population with small DPs (Figures 1B and 1C) . Second wave awl/auchene follicles are the second-longest follicles with thin, long DPs ( Figures  1B and 1C ). Similar to embryonic stages, all DPs of first wave guard and second wave awl/auchene hair follicles were GFP + , while zigzag DPs remained negative ( Figure 1D ) (Driskell et al., 2009) . During the subsequent destruction (catagen) and resting (telogen) phase of the hair cycle, GFP continued to be expressed in DPs ( Figure S1D ) that were identified as Lef1-RFP cell clusters (Greco et al., 2009; Rendl et al., 2005) , although Sox2 was previously reported absent in the DP during the hair cycle (Biernaskie et al., 2009) . To confirm Sox2 expression in adult DPs, we identified SOX2 protein in RFP + DPs by immunofluorescence staining using a SOX2-specific antibody ( Figure S1E ). Taken together, these data demonstrate Sox2 expression in DP precursors and mature DPs in most hair types during morphogenesis and the hair cycle.
To determine whether Sox2 in the DP niche plays an important role in hair follicle formation and growth, we next sought to ablate Sox2 in DP cells as early as possible during development. In an effort to establish gene targeting of DP precursor cells, we recently identified in a screen of candidate DP reporters Tbx18 knockin lines (Figures 1E and S1F-S1I) with robust expression in these cells (Grisanti et al., 2012) . X-gal staining in whole-mount
Tbx18
LacZ embryos showed Tbx18 expression in skin in a hair follicle pattern ( Figure S1G ) and in sections in dermal condensates of DP precursor cells ( Figure S1H ). No expression was found in skin prior to E14.5 (data not shown). In other body areas outside of skin, Tbx18 expression was detected in somites, limbs, whiskers, meninges, and epicardium ( Figure S1I ), as previously described (Cai et al., 2008; Kraus et al., 2001) . Next, in crosses of Tbx18 Cre (Cai et al., 2008) with R26R LacZ reporter mice (Soriano, 1999) , we detected Cre activity in developing hair follicles at E14.5 ( Figure 1E , left). Histological analyses of embryo sections revealed Cre reporter activity in DP precursor cells already at E14.5 during first wave follicle induction (Figure 1E, right) , suggesting that Tbx18 Cre could be used efficiently to ablate Sox2 in floxed mice. Tbx18
Cre is also active in second and third wave DP precursors at E16.5 and E18.5 (data not shown). At E16.5 and later developmental stages, Tbx18 expression and Cre activity also become more widespread throughout the dermis (data not shown). A detailed characterization of Tbx18 reporter and Cre activities at all developmental stages was reported recently (Grisanti et al., 2012) . To conditionally knock out Sox2 in DP precursor cells we next crossed Tbx18
Cre with Sox2 fl/fl lines, in which the Sox2 coding sequence is flanked by LoxP sites for Cre-mediated recombination and gene ablation (Favaro et al., 2009 ). In addition, we generated a Sox2 conditional knockout variation, in which one Sox2 floxed allele was replaced by the Sox2 GFP knockin allele, which allowed for detection of Sox2 promoter activity even after Sox2 ablation. SOX2 immunofluorescence staining demonstrated efficient SOX2 ablation in dermal condensates of first and second wave hair follicles at E14.5 and E16.5 ( Figures 1F  and S2A ). Costaining for dermal condensate marker SDC1 (Syndecan-1) (Richardson et al., 2009 ) confirmed positive identification of DP precursor cells in the cKO, suggesting that dermal condensates formed despite efficient Sox2 ablation. Alkaline phosphatase staining at E18.5 identified DPs in hair follicles from all three waves ( Figure S2B ) and hematoxylin/eosin staining at P0 showed follicles with normal size and distribution in cKO skins ( Figure S2C ). Quantification of total hair follicles ( Figure S2D ) and hair follicle types per wave ( Figure S2E ) confirmed normal formation in embryonic skins with Sox2 cKO DPs. Similarly, follicle maturation after birth progressed normally without Sox2. Immunofluorescence staining confirmed absence of SOX2 protein in postnatal cKO guard hair follicles, which continued to express GFP from the Sox2 GFP reporter allele (Figure 1G) . Follicles from all three waves developed without obvious morphological differences between HET and cKO skins at P5 ( Figure 1H ). Quantification of hair follicles and of follicle types per wave was virtually identical in HET and cKO ( Figure 1I ). Progression through the adult hair cycle was unaffected as well. All hair cycle stages, as determined by established morphological criteria (Mü ller-Rö ver et al., 2001), were observed with similar timing and unaltered follicle morphologies in cKO skins ( Figure S2F ). Total hair follicle counts were unchanged (Figure S2G) and quantification of follicles in catagen, telogen and anagen stages did not show any changes in cKO skins (Figure S2H) . From these data we conclude that although Sox2 is efficiently ablated in early dermal condensates, its absence does not affect initial follicle formation and hair cycle progression, suggesting that this transcription factor is not required for these processes.
Sox2 Ablation in the DP Impairs Hair Shaft Outgrowth after Birth While follicle morphogenesis and cycling was not affected by ablation of Sox2 in the DP, we noticed markedly delayed hair shaft outgrowth. External hair shafts of first wave guard hair follicles normally break through the epidermis and become externally visible around postnatal day P4-P5. By P8, guard hair shafts of heterozygous (HET) control pups had grown out substantially to start forming the hair coat, but in cKO skins they were strongly growth diminished ( Figure 2A , magnification of insert in Figure 2B ). Precise measurement and quantification of guard hair shaft lengths at P8 and later stages showed a significant reduction at all time points ( Figure 2C ). Importantly, the difference in hair shaft lengths increased over time, but the relative length of shortened hairs in cKOs compared to HETs remained constant at 65%-70% ( Figure 2D ). This indicates that the diminished hair outgrowth in Sox2 cKO guard hair follicles proceeds at a constantly reduced speed. It further suggests that it is not the result of a developmentally delayed hair growth start that would then progress at a normal speed. Next we tested whether Sox2 expressing second wave awl/ auchene hair shafts were also shorter in cKO pups, and whether third wave zigzags that do not express Sox2 were unaffected, as predicted based on the differential Sox2 expression in the DP compartments of these hair types. For this, we shaved off hair shafts at P20, classified the hair types based on established length, shape, and medulla size criteria (Schlake, 2007) and measured their lengths. As shown in Figure 2E , guard and awl/ auchene hairs were considerably shorter in Sox2 cKO, but zigzag lengths were comparable to HET control. Quantification of shaft lengths confirmed a significant reduction of 20%-55% ( Figure 2F ).
To understand the mechanistic underpinnings of the hair shaft outgrowth reduction, we next determined whether proliferation of matrix progenitor cells is affected by Sox2 ablation in the mesenchymal DP compartment. Immunofluorescence stainings for Ki67, which marks all proliferating cells, did not show any significant differences between HET and cKO follicles (Figure 2G) . In both, 100% of matrix progenitor cells were Ki67 positive below the Auber's line ( Figure 2G ), which divides the matrix into a proximal and distal half at the mid-DP level (Vanscott et al., 1963) . Similarly, staining for phospho-Histone H3 (PH3) to identify cells in mitosis, a short and infrequently detected event during the cell cycle, was also comparable in HET and cKO hair bulbs ( Figure 2H ). To determine whether increased cell death could possibly cause a loss of matrix cells, we stained for active caspase-3 that labeled cells undergoing apoptosis. No significant cell death was detected in cKO follicles and HET controls ( Figure S3A ). These data suggest that ablation of Sox2 in DPs does not alter the proliferation rate or cause increased cell death of surrounding matrix cells at the follicle base.
Next we determined whether aberrant differentiation into the cell lineages of the hair shaft and inner root sheath (IRS) could contribute to reduced hair growth in Sox2 ablated follicles. Immunofluorescence stainings for biochemical markers in P5 HET and cKO guard hair follicles revealed normal Keratin-14 (K14) expression in outer root sheath and matrix progenitor cells ( Figure 2I ). Hair shaft cortex and medulla differentiation markers AE13 and AE15, which label hair keratins and keratohyalin, respectively, were also unchanged ( Figures 2J and 2K ). AE15 was further detected in the IRS as expected. Additional nuclear staining of GATA3 in the companion layer of the IRS was present in a normal pattern as well ( Figure 2L ). Similar unchanged staining for differentiation marker AE13 was already detectable at P0 ( Figure S3B ). Finally, to evaluate whether Sox2 ablation impacts normal DP maturation in developed follicles we analyzed expression of known DP markers AP, HHIP, and WIF1 (Rendl et al., 2005) , all of which appeared to be present ( Figure S3C ). Taken together, these data indicate that Sox2 in the DP is critical for the normal speed of hair shaft outgrowth in guard, awl, and auchene follicles by a mechanism other than perturbed proliferation or differentiation of matrix progenitor cells.
Sox2 Ablation in DP Leads to Delayed Progenitor Migration into the Differentiating Hair Shaft Compartment
Since neither matrix cell proliferation nor hair shaft differentiation was affected in cKO hair follicles, we next analyzed whether altered cell migration from the matrix compartment into the differentiating hair shaft could possibly explain the delay of hair shaft production. To label matrix cells and determine their rate of transition into the hair shaft area, we performed bromodeoxyuridine (BrdU) pulse-chase experiments. A single BrdU injection was administered (pulse), and labeled cells were analyzed between 2 and 54 hr later in harvested skin tissues (chase) (Figure 3A) . In this assay, highly proliferative matrix cells at the follicle base incorporate BrdU label during the S-phase of the cell cycle ( Figure 3B , left) and are traced as they migrate into the hair shaft area ( Figure 3B , right). Already 2 hr after BrdU injection the majority of matrix cells of Sox2 HET follicles were labeled in the proliferating Zone ''P'' below the Auber's line ( Figure 3C ).
Importantly, equally rapid labeling occurred in cKO follicles, again demonstrating comparable matrix cell proliferation. In both HET and cKO matrix compartments, BrdU labeling peaked Counts are from three (E and F) and two (H and I) independent experiments. **p < 0.01; *p < 0.05.
Developmental Cell
Sox2 in the DP Niche Regulates Hair Growth at 4 hr after injection ( Figure 3E ). After 24 hr, the number of labeled matrix cells started to decrease in both HET and cKO follicles, as the cells began to move upward toward the hair shaft ( Figure 3E ). By 36 hr, depletion of BrdU + cells in Zone ''P'' occurred more rapidly in HET follicles ( Figures 3D and 3E) , suggesting that matrix cell exit from this area is significantly delayed in cKO follicles ( Figure 3E) . Conversely, at 36 hr, multiple BrdU + cells in HET follicles had already entered the differentiation zone ''D,'' identified as the AE13 labeled cortex of the hair shaft ( Figure 3D , magnification of insert on the right; and Figure 3F) . Only sporadic BrdU/AE13 double-positive cells were found in cKO follicles. This significant migration delay in cKO follicles remained detectable up to 48 hr ( Figure 3F) .
We next had a closer look at the intermediary zone that connects the proliferating and differentiating zones ''P'' and ''D'' ( Figure 3G ). This migration Zone ''M'' consists of matrix cells that transition from the proliferating to the differentiating areas. Analysis of cKO guard hair follicles revealed increased numbers of BrdU + cells in the proximal half between the Auber's line and the level of the distal DP tip (Zone ''M1'')( Figure 3H ), but unchanged BrdU labeled cell numbers in the distal Zone ''M2,'' compared to control HET follicles. This suggests a backlog of migrating cells that reaches up to the distal end of the DP. Indeed, careful analysis of total cell numbers revealed increased cellularity in zones ''P'' and ''M1,'' but not in ''M2'' ( Figure 3I ). The accumulated cells do not appear to reach a level that would distort the follicle architecture. Analysis of apoptosis by staining for activated caspase-3 did not show increased cell death ( Figure S3A ). From these data we conclude that the upward movement of matrix progenitor cells is significantly impaired as they differentiate into the hair shaft cell lineages. This suggests that slowed hair shaft outgrowth in follicles with Sox2 ablated DPs is caused by the delayed migration of differentiating matrix cells into the hair shaft compartment.
Sox2 Ablation Alters DP Signature Gene Expression To gain insights into how ablation of the transcription factor Sox2 in the mesenchymal DP compartment may affect cell migration and hair growth in the epithelial compartment, we isolated Sox2 knockout DP cells and determined genome-wide the potential gene expression changes. For this, hair follicles from Tbx18
Cre /Sox2 GFP heterozygous and Tbx18
Cre /Sox2 GFP/fl conditional knockout P5 skins were freshly isolated and single cells were stained for integrin-alpha 9 (ITGA9), a marker expressed by DP cells ( Figure 4A ) (Rendl et al., 2005; Tsai et al., 2010 ). Pure DP cells were then isolated by fluorescence-activated cell sorting (FACS) as GFP + /ITGA9 + cells, which prevented contamination with GFP-only touch dome cells and ITGA9-only dermal cells ( Figure 4B ; and data not shown). To verify high enrichment of DP cells, we also isolated negative cells as control population and compared by real-time PCR the expression of several known DP signature genes ( Figure 4C ). As expected, signature gene expression was > 30-fold enriched in GFP + /ITGA9 + cells.
We then proceeded with transcriptional profiling of two independently sorted biological replicates using Affymetrix GeneChip Mouse Gene 1.0 ST microarrays. Comparative analysis between HET and cKO samples and hierarchical clustering revealed significant >1.25-fold down-and upregulation of 840 and 223 genes, respectively ( Figure 4D ). We next grouped downregulated and upregulated gene lists into functional categories based on gene ontology classifications and determined the overall enrichment of categories compared to their representation in the genome. Significantly enriched functional categories of downregulated genes included protein transport, cell migration, WNT signaling, mesenchymal cell development, and extracellular matrix ( Figure 4E, top) . Significantly enriched categories of upregulated genes included transcriptional regulation, cytoskeleton, repressor, and growth ( Figure 4E, bottom) .
Real-time PCR further validated expression of several downregulated and upregulated genes in Sox2 cKO DP cells (Figure 4F) . Absence of any detectable Sox2 mRNA levels confirmed 100% gene ablation efficiency. Several regulated genes were associated with signaling pathways that have been previously implicated in hair follicle formation and growth, such as Notch1 and Hey1 (Notch signaling), Pbx1, Prdm1/Blimp1, and Sox18 ( Figure 4F ). Interestingly, among the most strongly regulated genes were WNT and BMP pathway regulators. Both signaling pathways are activated and essential during hair shaft differentiation (Andl et al., 2004; DasGupta and Fuchs, 1999; Kobielak et al., 2003; Kulessa et al., 2000) , and recent evidence suggests a role in DP cells for follicle formation as well (Kishimoto et al., 2000; Rendl et al., 2008) . In Sox2 null DPs, the WNT inhibitors Sfrp2 and Wif1 were downregulated and upregulated, respectively ( Figures 4E and 4F) . Sostdc1, an inhibitor of both BMP and WNT signaling, was also strongly downregulated, while at the same time Bmp6 was upregulated ( Figures 4E and 4F ). From this we conclude that in the absence of Sox2, the level of WNT signaling could be increased if the differential regulations of the inhibitors do not cancel each other out. We further conclude that BMP signaling should be tilted toward increased activation within the DP and hair epithelium, as both a BMP inhibitor is decreased and a BMP ligand is increased.
Expression of BMP/WNT Inhibitor Sostdc1 in DP Cells Is Directly Regulated by Sox2
Because the transition of proliferating matrix cells to the differentiating compartment is delayed in follicles with Sox2 null DPs and BMP signaling has been previously reported to inhibit keratinocyte migration during wound healing (Kaiser et al., 1998) , we focused our attention on the decreased expression of BMP/ WNT inhibitor Sostdc1 in Sox2 ablated DP cells. First, we validated the microarray and real-time PCR regulation by direct analysis of Sostdc1 expression in HET and cKO skin tissue by in situ hybridization. In HET hair follicles, Sostdc1 was exclusively expressed in DP cells confirming the DP-specific expression of this previously identified signature gene (Rendl et al., 2005) . In contrast, Sostdc1 mRNA message was barely detectable in Sox2 cKO DPs ( Figure 5A ). To test whether Sox2 could regulate Sostdc1 levels, we freshly isolated DP cells by FACS and lentivirally overexpressed Sox2 (Figure 5B, left) . As shown in Figure 5B (right), Sox2 dramatically upregulated Sostdc1 expression levels in DP cells, suggesting that this gene is controlled by Sox2.
Next we determined whether Sox2 regulates Sostdc1 as an immediate target gene by directly binding to regulatory regions in the Sostdc1 promoter/enhancers. For this, we first identified potential target binding sites within ± 20kb of the Sostdc1 transcription start site by computing motif Fit-Conservation (FC) scores that address both sequence homology of a previously reported Sox2 consensus binding motif ( Figure 5C ) (Fang et al., 2011) and sequence conservation of the motif within multiple mammalian species ( Figure 5D ). This analysis revealed two major candidate binding sites, at 1.5 kb downstream and 8 kb upstream of the transcription start site, respectively ( Figure 5E , ''S1,'' ''S2'').
We then sorted pure DP cells from hair follicles in vivo and immunoprecipitated Sox2 after crosslinking protein bound to DNA. RT-PCR with primers amplifying the potential binding sites and also an unrelated control region (''N1'') revealed no bound Sox2 at the S2 and the negative control sites. However, specific binding of Sox2 was identified at the S1 site within the first intron of the Sostdc1 gene ( Figure 5F ). Quantitative real-time PCR of Sox2 binding relative to IgG control showed a 4003 enrichment at the S1 site ( Figure 5G ). Taken together, these chromatin immunoprecipitation and Sostdc1 regulation experiments in freshly isolated DP cells suggest that Sostdc1 expression is directly regulated by Sox2 and is therefore strongly decreased in cKO DP cells due to absence of Sox2.
Precocious and Increased BMP Signaling Activity in Differentiating Hair Shaft Progenitors in Follicles with
Sox2 Ablated DPs We next wondered whether the differential regulation of WNT inhibitors Sfrp2 and Wif1, and the downregulation of the BMP/ WNT inhibitor Sostdc1 and upregulation of Bmp6 would lead to increased WNT and BMP signaling within the epithelial compartment that could cause slowed hair shaft outgrowth. To determine the level of WNT signaling, we detected by immunofluorescence the nuclear staining of the WNT responsive tran- scription factor b-catenin, which in the absence of WNT signaling is only detectable at adherens junctions at the cell membrane. In both Sox2 HET and cKO follicles, nuclear b-catenin was present in differentiating hair shaft cells at normal levels ( Figure S4A , arrows) (Merrill et al., 2001) , suggesting that WNT signaling does not directly contribute to altered migration of differentiating hair shaft lineages. It was also detectable in the DP, but with slightly increased intensity in the cKO ( Figure S4A , open arrowheads).
To detect cells with active BMP signaling, we stained for SMAD1,5, which becomes phosphorylated downstream of BMP receptor activation and translocates to the nucleus, where target genes are transcribed (Massagué et al., 2005) . During early postnatal hair growth, active nuclear pSMAD1,5 can be detected in IRS cells, before expanding into differentiating hair shaft cortex and medulla at more mature stages (Andl et al., 2004; Kobielak et al., 2003) . As judged by immunofluorescence staining for pSMAD1,5, BMP signaling was active in HET control follicles at P5 mostly in IRS cells, located outside the AE13-positive hair cortex ( Figures 6A and S4B, arrowheads) . By contrast, widespread pSMAD1,5 levels were already detectable in hair cortex and medulla cells within and inside the AE13 expression domain of cKO guard hair follicles ( Figures 6A and S4B , open arrowheads). Quantification revealed $75% pSMAD1,5-positive cells in the AE13 domain of cKO, while only $15% were pSMAD1,5/AE13 double-positive in HET follicles ( Figure 6B ). In addition, widespread precocious BMP signaling activity was already visible in the IRS at P0 in $90% of cKO guard hair follicles ( Figure 6C, arrowheads) , compared to only few cells in $38% of HET guard hairs ( Figure 6D ). Few AE13-positive hair cortex ( Figure 6C , open arrowheads) and DP cells were also pSMAD1,5-positive in cKO guard hair follicles. This suggested that over the course of at least 5 days during early postnatal hair growth, BMP signaling was precociously activated and increased in differentiating hair shaft cells in Sox2 cKO follicles.
Reduced Hair Growth Speed and Increased BMP Signaling Activity in Sox2-Negative Zigzag Hair Follicles We next wondered about the level of hair shaft cell migration and BMP signaling activation in zigzag hair follicles, the Sox2-negative ( Figure 1C ) and shortest hair type ( Figure 2E ). First, we determined whether, as predicted, the percentage of BrdU + cells entering the differentiation zone ''D'' is similar in HET and cKO zigzag hair follicles. Unsurprisingly, the number of traced cells is not reduced in Sox2 cKO zigzag follicles compared to HET controls, because this follicle type does not express Sox2 ( Figure S4C ). Because zigzag follicles are much smaller than guard hairs and our quantification of labeled cells in zones only measures relative migration speed in comparably sized follicles, we established an absolute measurement of migration speed by determining the total distance that cells traveled from the time after pulse (2 hr, top level of the DP) to the highest location in the differentiating compartment at 24 hr ( Figure S4D ). With this absolute speed measurement, we determined that migration of hair shaft progenitors in HET and cKO zigzag follicles was much slower than that in normal guard hairs, and that cell (F) In vitro scratch migration assay. BMP6 (500 ng/ml) decreases migration of skin epithelial cells, which is alleviated by SOSTDC1 (300 ng/ml). Right: Quantification of migrated area. Data are mean ± SEM from two independent experiments. **p < 0.01. (G) Model of fine-tuning BMP signaling in hair shaft progenitors. Sox2 in the DP niche drives the expression of BMP inhibitor Sostdc1, counteracting BMPs produced by matrix cells at the base and by the DP to fine-tune BMP signaling in differentiating hair shaft progenitors. In follicles with Sox2 null DPs, the equilibrium is unbalanced leading to increased BMP signaling and decreased migration during hair shaft differentiation. All box-and-whisker plots: mid-line, median; mean, plus symbol; box, 25 th and 75 th percentiles; whiskers, 10 th and 90 th percentiles. N = 10 guard and zigzag hairs.
Counts are from two independent experiments. **p < 0.01. All scale bars are 25 mm. See also Figure S4 .
migration speed in cKO guard hairs is reduced and becomes more similar to the speed of zigzag follicles ( Figure S4E ). Importantly, zigzag follicles by default also express high levels of active pSMAD1,5 ( Figures S4F and S4G , open arrowheads), comparable to Sox2 cKO guard hairs (Figures 6B), linking slower migration and hair growth with increased BMP signaling activity. Interestingly, DPs in zigzag follicles also lack Sostdc1 expression ( Figure 6E ), suggesting a permissive state for increased BMP activity in differentiating hair shaft lineages.
BMP Signaling Inhibits Cell Migration, Which Can Be Attenuated by Sostdc1
Because BMP signaling has previously been shown to inhibit cell migration (Kaiser et al., 1998) , we finally tested whether Bmp6 and Sostdc1 could directly affect migration of skin epithelial cells in vitro to help mechanistically explain slowed movement of matrix cells from the proliferating into the differentiating compartments in Sox2 cKO follicles. In a well-established scratch migration assay, proliferation-inhibited cells migrated toward the center of the scratch within 24 hr, as expected (Figure 6F) . This was significantly reduced in the presence of BMP6, but could be partially restored by addition of SOSTDC1, demonstrating that BMP signaling directly affects cell migration. It also indicates that the level of BMP signaling activity as the outcome of positive and negative regulators determines the extent of migration speed and further suggests that the level of secreted BMP signaling regulators from the DP niche, controlled by Sox2, fine-tunes migration of hair shaft progenitors during hair growth.
DISCUSSION
Although robust expression of Sox2 in DP niche cells during hair follicle formation and growth was first described years ago, the function of this transcription factor and of many other genes has been unexplored largely due to the long-standing absence of genetic tools to target the DP for gene ablation. Very recently, two Cre recombinase expressing lines were introduced to study the function of DP genes (Enshell-Seijffers et al., 2010; Lehman et al., 2009; Woo et al., 2012) . Prx1-Cre broadly targets the dermis several days before the start of hair morphogenesis, but is limited to the limbs and focal areas in ventral skin (Logan et al., 2002) where the timing of hair development and the distribution of hair types is not well understood. Corin Cre is active specifically in DP cells throughout the backskin, where hair development is well defined, but does not fully ablate genes before postnatal day P7 (Enshell-Seijffers et al., 2010) . Here, we use Tbx18 Cre to target embryonic DP precursors in the backskin (Grisanti et al., 2012) to interrogate the functional role of the DP signature gene Sox2 during hair follicle formation and growth. With our work, we identify a striking reduction of postnatal hair shaft lengths in Sox2 null guard and awl/auchene hair follicles. Although hair follicles and shafts did form normally, they grew out at continuously reduced rates due to delayed migration of differentiating hair shaft progenitors. Surprisingly, matrix progenitor proliferation was not affected, increased cell death did not occur and differentiation into IRS and hair shaft cell lineages was normal as well. This is an unusual finding since direct gene manipulations in the hair follicle epithelium typically result in strongly altered proliferation or differentiation phenotypes (Alonso et al., 2005; Andl et al., 2004; Ezhkova et al., 2011; Kaufman et al., 2003; Kobielak et al., 2003; Kulessa et al., 2000) . It also suggests that signals from the mesenchymal DP niche under the transcriptional control of Sox2 fine-tune the rate of epithelial hair shaft outgrowth by affecting hair shaft progenitor migration rather than regulating the global proliferation and differentiation programs.
Our comprehensive molecular analysis with microarrays and real-time PCR in freshly isolated knockout DPs revealed multiple altered genes that could directly or indirectly cause the observed hair shaft growth phenotype. Among the most strongly regulated genes were BMP pathway members that stood out because the BMP pathway has been shown previously to regulate proliferation, migration and differentiation of hair follicle and epidermal epithelial cells (Andl et al., 2004; Blessing et al., 1993; Kaiser et al., 1998; Kobielak et al., 2003; Kulessa et al., 2000) . In Sox2 null DPs, we found that the BMP ligand Bmp6 was upregulated and expression of BMP/WNT inhibitor Sostdc1 was strongly decreased. This suggested a potential shift toward increased BMP signaling activity in DP, surrounding matrix cells at the follicle base and/or differentiating hair shaft lineages due to loss of Sox2 in the DP. Indeed, we found precocious and increased BMP signaling in hair shaft progenitors on their journey toward becoming terminally differentiated hair shaft and IRS. Interestingly, we did not observe increased BMP signaling in highly proliferative matrix cells at the follicle base. This suggests a gradient model where BMP regulators produced by the DP locally fine-tune BMP signaling activity at the follicle mid-level, but not at its proliferative base, to control hair shaft progenitor migration. In addition, we found increased autocrine BMP signaling in the upper DP itself, which could indirectly contribute to regulating hair growth speed through additional downstream BMP targets in the DP.
Much as proliferation within the hair follicle was unchanged, we found that increased BMP signaling activity in hair shaft progenitors did not cause any disturbance of normal hair shaft differentiation. Conversely, severe hair shaft differentiation phenotypes were observed in studies of BMP signaling inhibition by receptor ablation (Andl et al., 2004; Kobielak et al., 2003) or misexpression of the inhibitor Noggin (Kulessa et al., 2000) , suggesting that BMP signaling is required for differentiation, but increased, precocious signaling interferes with migration rather than differentiation. In our study, reduced cell migration is the most likely explanation for slowed matrix cell transition into the differentiating compartment, which is consistent with previous reports showing that increased BMP signaling activity can cause reduced cell migration (Ahmed et al., 2011; Kaiser et al., 1998) . Indeed, our tests of direct effects of BMP6 and SOSTDC1 on primary skin epithelial cell migration revealed inhibition of migration by BMP6 that could be alleviated by SOSTDC1. This supports a model ( Figure 6G ), in which Sox2 in the DP niche controls the expression of BMP inhibitor SOSTDC1 and BMP6 to fine-tune epithelial BMP signaling activity for proper timing of hair shaft progenitor cell migration.
Recent global ablation of Sostdc1 in full knockout mice did not cause reduced postnatal hair growth phenotypes (Nä rhi et al., 2012) . Because both downregulated Sostdc1 and upregulated Bmp6 were observed in Sox2 cKO DPs, the simultaneous differential regulation of both BMP inhibitor and ligand may be essential for precisely fine-tuning levels of BMP signaling activity to affect hair growth. Increased BMP signaling in the DP of Sox2 mutants may also cause additional downstream effects that could influence the speed of hair growth. In Sostdc1 null embryos, hair follicle numbers and placode sizes are increased (Nä rhi et al., 2012) . At that stage, Sostdc1 is expressed in the epidermis at the edges of placodes and appears to act as WNT inhibitor to limit the extent of WNT signaling, without any evidence of inhibiting BMP signaling. In Sox2 null follicles that lack Sostdc1 during postnatal hair growth, we did not find increased or expanded nuclear b-catenin, suggesting that WNT signaling does not directly contribute to altered hair shaft progenitor migration. Increased nuclear b-catenin in the DP itself suggests increased WNT signaling in the DP, which could indirectly affect hair growth speed through WNT targets in the DP (Enshell-Seijffers et al., 2010) .
Our observation that shorter Sox2-negative zigzag hair follicles exhibit molecular and cell migration features similar to Sox2 cKO guard hairs reveals the physiologic significance of the connection between Sox2 regulation of BMP ligand/inhibitor in the DP and BMP pathway activation and migration speed in hair shaft progenitors. By default, BMP signaling activity is increased and migration speed is decreased in zigzag hair follicles, much like in guard hair follicles after ablation of Sox2, likely contributing to slower hair growth in this hair type. However, it should be noted that these two hair follicle types were at different developmental stages in our analysis, as zigzag follicles develop several days after guard hairs. As global BMP signaling progressively increases in postnatal back skin (Andl et al., 2004) , it is possible that additional Sox2-independent factors drive the observed BMP signaling and migration differences between guard and zigzag hair follicles. As Sox2 cKO guard hairs grow slower but otherwise retain all other size, form, and shape features without becoming more ''zigzag like,'' Sox2 likely does not constitute a master transcriptional regulator of overall hair type fate, but appears to be a bona fide key regulator of hair growth speed. In summary, our findings demonstrate that Sox2, as a direct transcriptional regulator in the DP, controls niche signals that act on surrounding hair shaft progenitors in the mesenchymal-epithelial crosstalk that orchestrates the speed of hair follicle growth.
EXPERIMENTAL PROCEDURES Mice
Sox2
fl/fl and Sox2 GFP/+ knockin and Lef1-RFP transgenic lines were previously described (Ellis et al., 2004; Favaro et al., 2009; Rendl et al., 2005) . Tbx18
LacZ/+ was previously described (Cai et al., 2008) . The previously published Tbx18 Cre/+ knockin line (Cai et al., 2008) was modified to remove neomycin through genetic crossing with a FLP deleter line. R26R LacZ reporter mice (Soriano, 1999) were obtained from Jackson Laboratories (Bar Harbor, ME). For 5-bromo-2 0 -deoxyuridine (BrdU) pulse experiments, mice were injected intraperitoneally with 50 mg/g BrdU (Sigma-Aldrich). All animal experiments were performed in accordance with the guidelines and approval of the Institutional Animal Care and Use Committee at Mount Sinai School of Medicine.
Histology, Immunofluorescence, and In Situ Hybridization Histology, immunofluorescence, and in situ hybridization were carried out as described previously (Rendl et al., 2005; Grisanti et al., 2012) . Details of antibodies and probes are provided in Supplemental Experimental Procedures.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed according to manufacturer's instructions using the EZ-Magna ChIP kit (Millipore) and sorted DP cell extracts. Cells were fixed in 1% formaldehyde, lysed, and chromatin was sonicated to 200 base pair fragments. Chromatin was immunoprecipitated with SOX2 antibodies (Millipore) or control IgG. RT-PCR and real-time PCR were performed with the LightCycler system and DNA master SYBR Green I reagents (Roche). Relative binding was calculated with the 2 ÀDDCT method.
Binding site specific primer sequences are provided in Supplemental Experiment Procedures.
In Vitro Scratch Migration Assay Primary early passage keratinocytes were cultured in 6-well plates until reaching confluence, starved in serum-free basal medium for 20 hr, followed by 10 mg/ml mitomycin C for 2 hr. A straight scratch was made with a pipet tip, followed by culture with 500 ng/ml BMP6 and/or 300 ng/ml SOSTDC1 (R&D Biosystems). Phase-contrast images of 10 nonoverlapping fields in triplicate scratch wounds were taken per time point and relative areas covered by migrating cells were quantified with ImageJ.
Cell Isolation, Real-Time PCR, and Microarray Analysis Cell isolation, real-time PCR, and microarray analysis were carried out as described previously (Rendl et al., 2005 
